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Comportamiento de inflamabilidad de biocarbon de 
pirolisis rapida para transporte y almacenamiento 


Abstract 
Biochar is a fairly new material in the research arena with limited information on safety 
aspects related to transportation, storage, disposal or field application methods. The 
objective of this research was to assess the flammability characteristics of fast pyrolysis 
biochars with test methods EPA 1030 and ASTM D4982. Results indicated that biochar is 
a non-flammable substance when tested with EPA 1030 Ignitability of Solids. However, 
when tested with ASTM D4982, a fast screening method, biochars showed potential 
risks of flammability. Nevertheless, the addition of 20-50% of moisture reduced any 
flammability concern. 


Fast pyrolysis biochar was more prone to flammability than traditional charcoal and 
slow pyrolysis biochar tested in this study. Still, fast pyrolysis biochars presented lower 
flammability potential (ASTM D4982) in comparison to its precursor biomass. The 
flammability propagation measured with EPA 1030 had high correlations with oxygen 
content and surface area of the fast pyrolysis biochar. The combustion reaction of fast 
pyrolysis biochar is a flameless combustion process, with a slow burning rate, and most 
commonly exhibiting a hot ember smoldering propagation front. 


This paper illustrates the necessity of performing recurring tests due to biochar’s intrinsic 
variability stemming from the different modes of production and feedstock used. 


Keywords: Fast Pyrolysis Biochar, flame propagation, ignitability, safety 


Resumen 

El biocarbdn es un material relativamente nuevo en el campo de la investigacién con 
informacion limitada sobre los aspectos de seguridad relacionados con el transporte, 
el almacenamiento, o los métodos de aplicacidn en el campo. El objetivo de esta 
investigacion fue evaluar las caracteristicas de inflamabilidad de biocarbdn de pirdlisis 
rapida con los métodos de prueba EPA 1030 y ASTM D4982. Los resultados indicaron 
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que el biocarbon es una sustancia no inflamable cuando se prueba con la inflamabilidad 
de sdlidos EPA 1030. Sin embargo, cuando se probé con ASTM D4982, un método de 
deteccion rapido, los biocarbones mostraron riesgos potenciales de inflamabilidad. Sin 
embargo, la adicién de un 20-50% de humedad redujo el riesgo de inflamabilidad. 


El biocarbon de pirdlisis rapida era mas propenso a ser inflamable que el carbon vegetal 
radicionaly el biocarbén de pirdlisis lenta probado en este estudio. Aun asi, los biocarbones 
de pirdlisis rapida presentaron un potencial de inflamabilidad menor (ASTM D4982) en 
comparacion con su biommasa precursora. La propagacion de la inflamabilidad medida con 
EPA 1030, tuvo altas correlaciones con el contenido de oxigeno y el area de superficie del 
biocarb6n de pirdlisis rapida. La reaccién de combustion del biocarbdn de pirdlisis rapida 
es un proceso de combustion sin llama, con una velocidad de combustion lenta y, por 
o general, exhibe un frente de propagacion de brasa ardiente. Este documento ilustra la 
necesidad de realizar pruebas recurrentes debido a la variabilidad intrinseca del biocarbén 
derivada de los diferentes modos de produccion y materia prima utilizada. 


Palabras clave: Biocarbén de pirdlisis rapida, propagacién de llama, inflamabilidad, 
seguridad 


INTRODUCTION 


Biochar, as defined by the International Biochar Initiative (IBI), is“a solid material obtained 
from the thermochemical conversion of biomass in an oxygen-limited environment" 
1]. More simply, biochar is a charcoal-like material that can be used for soil amendment 
o improve plant growth, soil quality and sequester carbon dioxide [2, 3]. Biochar has 
been a hot topic in the literature due to its increased water adsorption capacity, pH buffer 
potential, and cation and anion exchange capacity. These characteristics are determined by 
he specific feedstock and production conditions. As opposed to other soil amendments, 
such as compost or worm casts, biochar has a high concentration of recalcitrant carbon 
due to its intrinsic aromatic carbon ring structure [4]. Therefore, biochar can be a unique 
alternative to combating greenhouse-gas emissions and improving degraded soils [4]. 


Physical and chemical characteristics of biochar can vary widely [5, 6]. There are various 
thermochemical methods to produce biochar (pyrolysis, carbonization, gasification, 
hydrothermal liquefaction, etc.), including different feedstocks (grasses, wood, waste 
materials, algae, etc.) and processing conditions (temperatures from 300-1000°C, 
vacuum to high pressures, in nitrogen gas to superheated steam, etc.). Therefore, the 
resulting biochars may have similar appearances but have very different chemical and 
physical characteristics [2, 6, 7]. Just to name a few variances among biochars, carbon 
content can range from 30-90% d.b. [8], the pH from 4-12 (although its pH is typically 
basic) [8], the cation exchange capacity from 5-90 cmolc/kg [8], and the microporosity 
measurements by Brunauer-Emmett-Teller BET surface area from 1 to 1000 m?/g [9]. 


For the purpose of this study, it is important to consider not just the carbon constituent 
itself but also contaminants that can be brought in during harvesting, the production 
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of the biomass feedstock, or the thermochemical process which could influence 
flammability characteristics. Most typical contaminants are dirt and soil acquired from 
the biomass harvesting process and raking; sand used in entrained flow or fluidized 
reactors used to enhance heat transfer; and re-condensed bio-oil vapors responsible for 
a small percentage of the volatile content in the fast pyrolysis biochar (Figure 1). 


1A [21] 


1€ 
Figure 1. Bio-oil condensation, sand contamination, and oil contamination in various biochars (from top to bottom) 
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Bio-oil that re-condenses in the biochar is known to have a higher propensity to ignite 
as well as lower flash points than biochar. Re-condensed bio-oil can potentially trigger 
oxidation reactions at lower temperatures. For example, when analyzing biochar’s 
surface area, slow pyrolysis biochars degassed at the same conditions had no tar 
formation as opposed to fast pyrolysis char. Figure 1 shows tar condensation on wall vials 
containing fast pyrolysis biochars during 300°C degassing for surface area analysis (top), 
sand contamination in fast pyrolysis biochar produced in a fluidized bed (middle), and 
ashes from biomass without soil contamination or clean harvest 5-6, and contamination 
with soil 3-4 (bottom). 


Sand particles from the fast pyrolysis fluidized bed reactor are visible in the red oak 
biochar ash samples after they have undergone proximate analysis (Figure 1, middle 
picture). This indicates that sand from the bed is elutriating out of the reactor, most likely 
due to the small freeboard region of the reactor (between the bed and outlet plumbing 
going towards the cyclones) being too short or fluidization properties not optimized 
for the sand and gas flow rates being used. The presence of foreign sand in the biochar 
sample resulted in high“ash” contents, which may have a different flammability potential. 
Another important source of contamination is the soil, especially for crops where soil 
particles that could be raked and harvested with the biomass feedstock. 


The high heating value of the biochar is an important parameter for understanding 
he energy that will be produced once it has been oxidized or has undergone 
combustion reactions. However, the energy content itself does not determine the rate 
at which that energy and reaction products are formed nor the conditions at which 
he reactions will be triggered. For example, the energy content in graphite is higher 
han typical biochars (approximately 32 MJ/kg vs. ~20 MJ/kg), but due to the carbon 
crystalline structure and chemical stability at standard conditions, graphite is very 
difficult to ignite [10, 11]. It is important to note that the energy content discussed 
is with respect to a dry base, and thus moisture that is typically present in biochar 
materials has to be removed before combustion can occur. This moisture deters much 
of the flammability concerns. 


There are several classifications for flammable solids. The United Nations’ classification 
of flammable solid is defined as ‘a solid which is readily combustible, or which may 
cause or contribute to fire through friction.” Readily combustible solids are considered 
“powder, granular or pasty chemicals, which are dangerous if they can be easily 
ignited by brief contact with an ignition source such as a burning match and if the 
flame spreads rapidly” [12, 13]. The important consideration here is that the substance 
can be ignited when exposed to flames or friction and that has rapid flame propagation. 


The US Department of Transportation (US DoT) divides substances into nine classes of 
hazardous materials (Hazmats). Class 4 addresses flammable hazardous materials. Under 
Class 4, there are three different types of flammable classes: 4.1 flammable solids; 4.2 
spontaneously combustible materials; and 4.3 solids that are hazardous when wet. 


° Class 4.1 are flammable solids, self-reactive substances, and desensitized explosives. 
This class refers to materials that are self-reactive with accelerated decomposition 
and are potentially explosive when confined. 
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* Class 4.2 are pyrophoric substances and self-heating substances that spontaneously 
combust. This class identifies spontaneously combustible materials, and tests are 
performed to determine if the material in a 25 mm or 100 mm sample mesh cube 
at 100, 120, and 140 °C will undergo self-heating and potential smoldering or 
combustion. 


* Class 4.3 are materials that are hazardous when wet. When exposed to various 
degrees of moisture, these materials can heat and emit gasses and thus present 
safety concerns (if producing more than 1 L of gas per kg of material). 


Zhao et al. [11] conducted a study of 34 biochars. None of these biochars were identified 
as flammable, and no significant burning or smoldering propagation was noted 
either, according to the UN flammability methodology. When comparing different 
thermochemical production methods, these researchers found that fast pyrolysis was 
more likely to be flammable, followed by slow pyrolysis and then gasification chars 
(which had no smoldering propagation). 


Zhao et al. [11] also reported that there was a higher propagation of fast pyrolysis 
material (but not enough to be considered flammable). This higher propagation 
correlated negatively with fixed carbon and positively correlated with volatile content. 
The hydrogen to carbon ratio (H:C) was also positively correlated with the tendency 
to show flammability characteristics and potentially indicating that more stringent 
pyrolysis conditions (lower H:C) will result in less flammable materials (higher aromaticity 
structure). Also, the propensity for flammability of fresh biochars was higher for those 
made at 450 °C than at 350 °C (very low-temperature char or more appropriately 
identified as torrified material). Cote [15], however, reported that the carbonization of 
wood at low temperatures leaves the charcoal with chemically unstable conditions, 
opposing Zhao's results. 


Fast pyrolysis biochar is a fairly new material to researchers [16], and many questions 
are yet to be answered regarding the hazardousness of this material. Further studies will 
be needed to thoroughly understand which types of hazards biochar can pose. What 
methodologies can be used to effectively assess the potential hazards? What conditions 
should be avoided in order to minimize the risks of a safety incident? How is flammability 
affected by the production process, and how does it vary due to product characteristics? 
How do thermochemical processes, feedstocks, particle size, quenching mechanisms, 
and impurities affect flammability? 


The objective of this study is to evaluate flammability characteristics of fast pyrolysis 
biochar with EPA test method 1030 for Ignitability of Solids [17] and ASTM D4982 
for flammability potential screening [18], and to compare the results with current 
information for carbonaceous materials. The results could provide valuable information 
for handling biochar and for communicating biochar flammability data. 
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avances ~Biochar and reactor types 
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Several fast pyrolysis biochars were produced from agricultural and forestry feedstock 
(e.g., red oak, corn stover, loblolly pine, switchgrass) in a wide range of operating 
conditions. Different reactors, biomass feedstocks, and processing parameters resulted 
in fast pyrolysis biochars with a wide range of chemical composition (see Table 1 and 
Table 2). The three types of reactors used in this study are fluidized bed, free fall, and 
auger reactor (Figure 2). Temperatures ranged from 400 to 600°C with a residence time 
between 2 and 10 seconds for the fluidized bed, less than five seconds for the free 
fall, and between 20 and 60 seconds with the auger reactor. Detailed descriptions of 
different types of pyrolysis reactors were described by Brown [19]. 


Table 1. Chemical properties of fast pyrolysis biochar used for flammability and self-reactivity assessment 


Fast : 
Biomass | Pyrolysis | Temperature | Moisture | Volatiles | FixedC| Ash | C H N 0* patie S.A.** | HHV*** 
feedstock Reacts (°C) (wt%) | (wt%) | (wt%) | (wt%)|(wt%)| (wt%) | (wt%) | (wt %) we (m?/g)| (MJ/kg) 
ype 
i 16 55 4 ] 23 if 20.5 


Fluidized 
Corn Stover Bed 500 64 36 4 6 
ComStover | Pultzed | 500 Fee ered | stv | eae llesae || en leet) tee | eh ae: | na 
sled Free Fall 485 4 4 | 3 | 2 | 6 |] 4 | 0 | 2 J | 24] ng 
ae Free fall 550 43 a | a | 5 | w | a 1 | % 5 | 33 | ms 
Red dak | Pulte’ | ago 14 | 2~ | 3 | 3] 4) 3 | 0) w ] 18 | 10 | 184 
Red Oak ee 450 pan cersa. | PEK lees alent Ilene hee 6) |e) 55 
Red Oak Dy 500 s | 35 | 3 | 38} 51} 2 | 0 | 9 9 | 15 | 186 
Red ak | Pudaed | sq De a8 A ers | ese tecoel|| eo econ mest l|) ema) ele || ates 
RedOak | Freefall | 450 43 | 3 | 4 | 2 | af 4] oo | wv | 1s | 29 | 286 
RedOak | Freefall | 550 Foals dae) een) (et a a ed eee |e 
RedOak | Freefall | 600 43 | 9 | 56 | 2|2i] 4) 0} w | 1s | 47] 29 
Switchgrass nee 500 Ne ||P oe Wp Pola | ela ae 
* Oxygen content determined by mass difference 
** SA. = Surface Area 
*** HHV = Higher Heating Value 
Sulfur was measured but almost undetected in these samples. 
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Table 2. Expanded list of fast pyrolysis biochars selected for testing based on feedstock, reactor configuration, 
reaction conditions and biomass pretreatments 
ancencase 

com stover Clean-harvest technique 

617 corn stover uid bed EP 500 Conventional harvest technique 

910 oblolly pine uid bed FP 485 Not washed 

918 loblolly pine uid bed FP 485, orrified @215°C 

027 oblolly pine uid bed FP. 485, orrified @215°C 

031 loblolly pine uid bed FP 485 lorrified @250°C 

831 oblolly pine ree fall FP. 550 Washed 

104 red oak PDU fluid bed FP. 400 

11 red 0a PDU fluid bed FP. 450 

026 red oak PDU fluid bed FP. 500 

119 red 0a PDU fluid bed FP. 550 

113 red oak ree fall FP 550 

401 red 0a ree fall FP 450 

403 red 0a ree fall FP. 600 500 ym grind 

407 red oak ree fall FP. 600 300 ym grind 

red 0a auger FP. 

switchgrass uid bed FP 500 H,0,-treated 

427 switchgrass uid bed FP 500 H,PO,-treated 
switchgrass ree fall FP. 500 evel 1 
switchgrass ree fall FP. 500 evel 2 
switchgrass ree fall FP. 500 evel 3 
switchgrass ee fall FP. 500 evel 4 
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2B 2c 


Figure 2. Fluidized bed reactor (2A), free fall reactor (2B), auger reactor (2C). Pictures from lowa State University 
Center for Sustainable Environmental Technologies 
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The results obtained from this study were then compared to data on other carbonaceous 

materials such as gasification, slow pyrolysis and typical charcoal that are produced with 
avances different reactor types from commercial production facilities or from other research 
nen® institutions [20]. 


From the three flammable categories in Hazardous Materials Class, initial laboratory testing 
suggested that fast pyrolysis biochars may be classified as Flammable Solids (4.1) and 
Spontaneously Combustible (4.2). Literature indicates that similar types of carbonaceous 
materials are flammable when wet (4.3) and can result in self-combustion processes. It 
is not clear, however, what the circumstances or the specific properties of the material 
are that can trigger such behavior [15]. The materials used in this study did not present 
any dangerous behavior when wet. However, the Code of Federal Regulation CFR 177.838 
paragraph (b) “articles to be kept dry” states that charcoal screenings, ground, crushed or 
pulverized charcoal and lump charcoal are dangerous materials and should be kept dry as 
water can create hot spots and start a fire. Again, none of the materials here presented any 
visible reaction with water, so they were not considered Class 4.3. 


Ignitability of Solids (EPA 1030) 


n order to assess whether biochars fall under the Flammable Solids category (Class 4.1), 
a preliminary screening method defined by U.S. DoT/UN Transportation of Dangerous 
Goods (also referred to as Ignitability of Solids EPA 1030) was used [17]. If the material 
is identified as a flammable solid, there are further steps needed to classify the type 
of flammable solid it corresponds to. This preliminary test is performed over a powder 
riangular train of 250 mm long by 20 mm at the base and 10 mm high placed on a 
ow-conductive plate. After an ignition source is applied to one end of the test strip, 
if combustion propagates along 200 mm of the strip within 2 min (for non-metallic 
materials), then it is classified as ignitable (or flammable) solid. If the results of the 
preliminary test indicate the sample is flammable, then it is subjected to an additional 
est for burning rate along 100 mm distance. If the burning rate is faster than 2.2 mm/s, 
he sample is considered Class 4.1 flammable solid (EPA 1030 test method). To test how 
moisture affects flammability, distilled water was added to achieve different moisture 
evels after the samples were dried. To assure moisture equilibrium was reached 
hroughout the sample, flammability tests were conducted a few days after adding 
water to the samples. Pearson correlation coefficient was used to understand if there 
was any correlation between flammability and chemical and physical characteristics. 


Flammability Potential Screening Analysis of Wastes (ASTM D4982-95) 


Flammability Potential Screening was used to analyze the flammability potential of the 
samples and the vapors released from these samples (ASTM D4982-95) [18]. By using 
his particular test method, it is possible to not only gain information about the biochars’ 
flammability with a fast screening test but also to understand the effect of moisture on 
his characteristic. 


These test methods are to complement quantitative analytical techniques for determining 
flammability. The tests can be used with slurry, liquid and solid wastes to evaluate if the 
material has potential to produce or sustain fire (Figure 3). The procedure is implemented 
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utilizing two methods in which the material is subjected to ignition: Test Method A “Test 
Sample Exposed to Heat and Flame” and Test Method B “Test Sample Exposed to Spark 
Source: Test Method A has two components. The first component relates to the sample's 
ability to release volatile vapors. A flame is positioned perpendicularly on top of the sample 
for three seconds. If a spark is visible, the sample is labeled as a positive flammability 
potential. Samples were tested as they were initially received by the laboratory. In addition, 
samples were dried at 103°C for 24 h to remove any moisture. When the samples cooled to 
room temperature, both test methods were repeated. 


3C 3D 
Figure 3. Example of flammability potential ASTM D4982, sample preparation and procedure 


Biochar chemical and physical properties 


Proximate analysis (thermogravimetric analysis) was performed using a thermogravimetric 
analyzer (TGA) instrument (Mettler Toledo, USA). The energy content of the samples (higher 
heating value) was obtained using a Parr oxygen bomb calorimeter (Parr Instrument 
Company, USA). The elemental analysis was performed using Leco TruSpec (LECO 
Corporation, St. Joseph, Ml, USA) for carbon, hydrogen, nitrogen and sulfur (CHNS), and 
the determination of oxygen was made by mass difference. Ethylenediamine-tetra-acetic 
acid (EDTA) was used as the reference standard for the quantification of carbon, hydrogen, 
and nitrogen. Sulfur reference material for coal was used for sulfur quantification. All 
standards were obtained from Leco Corporation. Particle density was measured with a 
helium pycnometer (Pentapycnometer, Quantachrome Instruments, Boynton Beach, FL, 
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USA) using degassed samples from the Brunauer, Emmett, and Teller BET analysis. Surface 
area analysis was performed with 4 g samples degassed for 4 h at 300°C under vacuum at a 
pressure lower or equal to 100 Pa. (BET) using N, gas in a Quantachrome NOVA 4200e Gas 
Sorption Analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). Five adsorption 
points were measured in the range of 0.05 to 0.3 P/P.,. 


Method sensitivity 


Due to the sensitivity of the methods and the various material formulations, tests were 
performed without altering the physical properties of the sample as this can alter the 
results and subsequently the classification [16, 17]. From a methodology perspective, 
it is important to clarify that samples should be tested when received without drying, 
milling, and sieving before flammability analyses are performed. It is very important to 
have uniform sampling procedure to obtain a representative sample when collecting 
he material at the facility as well as when preparing the sample for testing. Moisture 
measurement can significantly affect the results. Moisture and particle size (minimum 
descriptive format such as fine powder, sand, coarse granules) should be reported as 
accurately as possible for correct interpretation. Particle size has been reported to affect 
burn rate and also the ignitability of the material [17]. 


RESULTS AND DISCUSSION 


Physico-chemical characterization of the biochars made with different 
operating conditions and reactors 


Biochar properties vary significantly in comparison to other carbonaceous materials 
[21], and the flammability will be associated with the biochar properties. Additionally, 
flammability assessment will depend on the method that was used in the evaluation. 
This study evaluates a handful of different materials, yet further research is needed in 
order to better understand biochar properties and the conditions that could trigger 
unsafe flammable conditions. 


The chemical and physical properties of biochar can vary widely depending on the 
feedstock and pyrolysis conditions. In order to broaden the chemical composition and 
flammability results in this study, a wide range of carbonaceous materials were obtained 
from various feedstocks, reactor configurations and processing conditions (Table 1). For 
example, carbon content from this set of samples varied from 40 to 78 wt %, ash content 
from 2 to 40 wt %, volatile content from 14 to 40 wt %, surface area from 1.0 to 8.7 m’/g, 
and energy contents from 14.4 to 29 MJ/kg. Flammability characteristics were examined, 
and results were compared to those cited in the literature, addressing both flammable 
and non-flammable carbonaceous materials. 


EPA Test Method 1030 Ignitability of Solids 
This method evaluates whether samples are flammable (first tier of classification). If the 


sample propagates over 200 mm of the powder train in 2 minutes, then it is subjected 
to a burning rate test. Wastes are considered flammable if the burning rate is higher than 
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2.2 mm/s and for metals 0.17 mrn/s (Table 3 and Table 4). The parameter “time to ignite” 
here presents the differences in response between materials when in contact with a flame. 

avances 


aaenase  1Ne biomass developed a clear flame and was simple to identify ignition, but the other 
if " 7 é 
ngenes materials were not clear as their flames were not truly developed (combustion of ambers). 


Table 3. Flammability results from various carbon products in accordance with EPA 1030 method 


: F 2 min 
: Time to Ignite ; 
Materials : propagation 
(# samples) Formulation | Flammable fe o) aan) 
eae ES (Din 
Activated Carbon (2) Fine powder oO 121" 
Gasification Char (2) Fine powder fe) 52205 Eee 
Slow P. Char (3) Fine powder fe) 41 +24 lay 
Fast P. Biochar (19) Fine powder fe) 3944 21424 
Biomass (5) Fine powder oO 18 +4 443 
* Propagation in the preliminary screening step was measured over a 2-minute period. 
** Standard deviations for these materials resulted from two or three materials with two replications per sample. 


Table 4. Expanded EPA 1030 Ignitability of Solids 


Row Labels Average of Time to Ignite (s) Average of Propagation 


Activated Carbon 53 ] 
McMaster AC 48 0 

NORIT AC 58 ] 
Biochar 40 te 

Char 1-20101104 40 9 
Char 1-20101111 42 10 

Char 1-20101026 40 3 

Red Oak BC 1-201011191-C 40 0 
Clear corn Stover BC 8-20090616A 43 26 
Corn Stover BC 8-20090617A 40 9 
Loblolly Pine BC 8-20080910 40 7 
RO 7-20090401A 40 4 
RO 7-20090113A 40 3 

RO 7-20090403A 40 1 
Switchgrass BC 7-00720411 30 27 
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Average of Time to Ignite (s) 

avances Switchgrass BC 7-20110412 40 20 

en cencias e 

en Switchgrass BC 7-20111107 33 23 

Washed L Pine BC 7-20090831A 40 12 

RO BC 6-22-12 40 9 

SG 0% Moisture 40 5 

SG 10% BC 40 22 

SG BC 20% 40 20 

RO BC 0% 4 8 

RO BC 10% 40 2 

RO BC 20% 4 4 

CS 0% moisture 37 70 

CS BC 10% 4 14 

CS BC 20% 40 17 

LP BC 0% 40 13 

LP 10% BC 40 il 

LP BC 20% 43 9 

Biomass 8 4 

Corn Stover BM 9 5 

Maple Sawdust 29 8 

Maple Shavings 9 7 

Red Oak BM 6 4 

Switchgrass BM 6 2 

Slow P Char 41 1 

Artichar 1 20 5 

Artichar 2 40 lt 

Artichar 3 64 11 

Gasification char 5 3 

Char 1-11-12-12 (Broer) 40 5 

Karl Broer 1-07-13 catch 70 1 

Grand Total 39 13 
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development of flames. 


Pyrolyzed biochar demonstrated greater propagation than gasification char. 


ition time was problematic 
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to determine as both 
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hat, biomass igni 
ion was clearly visible through the 


omass tested here were materials with similar 
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to the heat source for the short igni 


er propagation possibly due 
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in complete particle ignition. 


materials presented distinct 
was the point where flames 


ion was the point where the material glowed red 
opagate. As such, igni 


tion time was a subjective 
ion time was half 


In 


comparison, activated carbon almost entirely failed to propagate. This may be 
attributable to the graphite-like chemical structure and the lower content of volatiles, 
which reduce the likelihood that activated carbon will react and combust due to the 
recalcitrant aromatic structure. The standard deviations of propagation rates are large for 
fast pyrolysis biochars due to the large chemical and property characteristics associated 
with the different operating conditions (temperatures from 400 to 600°C), different 
reactors, resident times and feedstocks. 


Figure 4 shows the propagati 
(switchgrass, corn stover, red oak and loblolly pine) 


(in a fluidized bed at 500°C) bu 
expected, flame front in dry bioc 
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gnificantly differ according to 
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adequate testing procedure, and communicating the results. 


DOI: https://doi.org/10.18272/aci.v13i2.2314 


Articulo/Article 
Seccion/Section C 


Vol. 13, nro. 2 
ID: 2314 


avances 
en ciencias e 
ingenierias 


15 


Fast Pyrolysis Biochar Flammability Behavior for Handling and Storage 
del Campo / Brumm / Keren (2021) 


—o— Switchgrass 
90 
—E— Comstover 
80 
—ate— Red oak 
70 
6 — > Loblolly pine 
—E 9 
& 
= 30 
20 
10 
0 J i) i) T 1 
0 5 10 15 20 2B 


Moisture content (5) w.b. 


Figure 4. Fast pyrolysis biochar propagation by feedstock species and its relationship with moisture content 


Bone dry corn stover and switchgrass fast pyrolysis biochar were not flammable (less 
han 200 mm of propagation in 2 min), but in comparison to the other materials, the 
propagation was much longer. For bone dry materials, the traveled distance was 95 
mm for switchgrass and 70 mm for corn stover, while the propagation in both woody 
feedstocks was considerably lower, 13 mm for loblolly pine and 8 mm for red oak. The 
difference in flammability between bone dry biochars and different feedstocks is quite 
arge. However, an addition of 10% moisture to the biochar reduced the propagation 
distance by more than 25% in both switchgrass and corn stover. 


Table 5 presents Pearson correlation coefficients for flammability propagation and 
chemical constituents performed for all the fast pyrolysis biochars (listed in Table 6). 


Table 5. Pearson correlation coefficient for the smoldering propagation of fast pyrolysis biochars and various 
chemical properties 


Variable Pearson correlation 


Volatiles (wt %) 0.51 
Fixed C (wt %) 0.20 
Ash -0.47 

iG 0.16 

H 0.73 

N 0.82 

O 0.88 

Particle p -0.50 
Surface area (m?/q) 0.77 
HHV (MJ/kg) 0.18 
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Table 6. Results from chemical characterizations of selected biochars (see Table 1). Moisture, volatiles, fixed 
carbon and ash contents and higher heating values (HHV) are on an as-received basis; all other results are 
reported on a dry basis. Oxygen content determined by difference. P = density, S.A. = surface area, C.$.= corn 
stover, L.P. = loblolly pine, R.0. = red oak, 5.G. = switchgrass, FF. = free fall reactor, PDU = process development 
unit reactor 


Teeainiinn Moisture Volatiles FixedC Ash C H N 0 Particlep S.A. HHV 
P wt%  wt% wt% wt% wt% wt% wt% wt% (g/cc) (m%/q) (MJ/kg) 


Clean CS. 6.4 363 41 163 | 546] 42 7 05 | 233 57 7] 20.5 

Reg. CS. 48 29 es | alo | se || 28) | Wo || ies 88 87 144 
LP no treat 40 45.0 39.1 119 | 610] 39 7 04 | 223 ay) 24 | 229 
LP torr 215C 49 428 Bd 13) || G27 | ail | Ws | we SD 24 | 23.6 
027) LP torr 215C 42 36.1 52.5 72 | 654} 40 | 0.2 | 228 50 29 | 248 
031) LP torr 250C 39 33.9 AO || is | Gis | 40 | Ws || 2 53 22 24.1 
831 |LREFwash550C} = 4.3 313 59.6 47 | 742] 41 ) 05 | 163 Al 33 279 
04} R.0. PDU 400C 4A 28.1 Sa | SEO || 474) || a || 14.1 dil 1.0 18.4 
11} R.0. POU 450C 25 44.6 314 | 214 | 668 | 36 | 02 | 75 60 22 25.5 
026 | R.0. PDU 500C 25.4 3B) | sia || Sly |] 23h || 0). 85 Dp 15 18.6 
19} R.0. PDU 550C 144 291 | 553 | 395 | 16 | 0. 29 2.02 Ml 143 
113 | RO. FF 550C 43 28.0 66.0 6 | 74] 38 | 03 | 168 63 6.0 | 29.0 
401 | RO. FF 450C 43 30.5 637 5 | 766) 40 | 04 | 174 50 29 | 286 
403 | R.0. FF 600CL 48 287 64.7 || WES. || 3s) || OA | its A 47 29.0 
407 | R.0.FF.600CS 43 29.4 64.7 5 | 765 | 39 | 04 | 176 52 47 288 
427 | S.G.H3P04 2.6 387 PS) |) alr || SORE || sis) Uk" || ei) 68 ie) 19.0 


Note: L.P. = refers to Loblolly pine, R.O.= refers to red oak, S.G.= Switchgrass, C.S.= Corn Stover. Torr= terrified and later 
pyrolyzed, wash= acid wash to remove ash, H3PO4= acid washed with phorsphoric acid before pyrolysis 


Flammability propagation had a high correlation for oxygen content and surface area in 
fast pyrolysis biochars. Both correlations line up with expectations. Note, however, that 
the surface area range is small in comparison with other carbon materials. All surface 
areas were less than 10 m2/g while other carbons could easily reach 500 or 1000 m?/g [21]. 
A medium correlation coefficient between propagation and volatile content was seen 
with 7=0.51 similar to Zhao et al [11]. It is important to note that Zhao and his colleagues 
studied different types of biochars, while in this study, only fast pyrolysis biochars with a 
smaller range of volatile variability were tested. Although nitrogen content showed high 
correlation as well, the range of results for nitrogen content between the samples was 
from 0.1 to 0.8% with an average of 0.3% of the total elemental composition. Thus, it is 
very likely that the error of the measure and small dispersion of values could be as large 
as the correlation itself. 


lt was expected that the ash content of the biochar would have a significant negative 
correlation with flammability as it would decrease the energy density of the material 
similarly to graphite and ash impurities [10]. The fact that there are more minerals and 
less carbon in the biochar was presumed to be a factor that would lower the energy 
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density and potential flammability and reduce the propagation rate. The results, 
however, showed a negative correlation with flammability as expected, but medium to 
low correlation -0.47. 


ASTM D4982 Standard Test Methods for Flammability Potential Screening 
Analysis of Waste 


Flammability was further evaluated using Standard Test Methods for Flammability 
Potential Screening Analysis of Waste ASTM D4982 (Table 7). In this test, a sample was 
considered flammable if any of the sections and methods from these tests resulted 
positive (flammable). Although this method is fairly subjective as it is difficult to clearly 
assess if the material is lit or not with decaying embers, it was determined that biochars, 
biomasses, and the coal samples are flammable according to this test. It is important to 
note here that their original biomass showed much higher flammability potential than 
their produced biochars, and thus required extinguishing the sample after the test was 
performed. Section 1 test method A, sample exposed to heat with the flame on top of 
the sample, and test method B, sample exposed to spark source, resulted in negative 
flammability characteristics for all materials. However, when implementing Section 
2 test method A, with direct contact with flames for 10 seconds, almost all biochars 
produced embers that were lit for at least 20 seconds. No differences were observed in 
flammability potential between the dried samples and the samples with their original 
moisture content. The lack of differences in flammability response was likely due to the 
small amount of moisture present in the original biochar samples (less than 5.5 wt% for 
all the biochar materials). 


Table 7. ASTM D4982 Flammability potential of 26 materials with samples as received and dried, evaluated 
under Test methods A and B 


_Ee Sn ae 
SS Method A Method B Method A Method B 


Bromnse Moisture | Above| Contact . Above | Contact : 
Biochar (6) wb. | (3s) | (105) 3 strikes (35) | (10s) 3 strikes 
Materials pals 

Dp 


Corn Cab Biomass 6.9% Ex inguishe 5 Extinguished 
Flames Flames 
Corn Stover Biomass} 4.9% P : inguishe P 
Flames 
Dry Compost 74% 
Loblolly Pine 550% 5 Extinguishe 5 Extinguished 
Biomass Be Flames Flames 
Poplar Sawdust 550% = Extinguishe 5 
Biomass ‘es Flames 
RDF Biomass 2.1% P P Bonne 
Flames 
Red Oak Biomass 14.8% P i 
<180um 
DOI: https://doi.org/10.18272/aci.v13i2.2314 


Articulo/Article 


Seccidn/Section C 
Vol. 13, nro. 2 Fast Pyrolysis Biochar Flammability Behavior for Handling and Storage 
ID: 2314 del Campo / Brumm / Keren (2021) 


= . 
qc) ae ee 
—S——4 Method A Method B Method A Method B 
avances 


en ciencias e Fi 
— poss! Moisture | Above| Contact : Above | Contact : 
Biochar (%)wb. | (3s) | (105) 3 strikes (3s) | (103) 3 strikes 
Materials i Pag 
D D 


Red Oak Biomass 114% 
Powder 
Switchgrass Biomass Extinguished 7 Extinguished 
2.6% 
Powder Flames Flames 
Switchgrass Pellets 750% ; > 
Biomass 
Coal 5.8% P 
Fly Ash 2.0% 
Coke 1.0% 
Com Cobs 13% ' Extinguished . 
Gasification Char Flames 
Com Stover FP > ___|Extinguished 
Biochar 500C Ta Flames 
Cor Stover S.P Extinguished ' 
Biochar 500C Bop Flames 
ICM Mixed Woods ; 5 
Gasification Char am 
aie ly Pine : 31% 5 eee 5 en 
iochar 485 : james ames 
Pine S.P Biochar 43% P Exthguished P 
Flames 
Red Oak FP. Biochar F 5 5 
450C Boe 
Red OakFP Biochar) 3.7% P 
500C 
Red OakFP Biochar) 3.4% P 
500€ (II) 
Struemph 23% P P 
Commercial Charcoal 
Switchgrass N/A P p 
Gasification Char 
Switchgrass 13% P P 
Gasification Char 
Switchgrass Mini 5.5% P P Extinguished 
Stove Char Flames 


Note: P= Positive, N=Negative. Samples under Method A Contact test for 10 seconds were deemed to give a positive 
result if flames were visible or embers remained for 20 seconds. 
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Section 2 test method A - direct flame contact - resulted in several positive flammability 


results. All 10 biomass samples were 


positive. From the d 


ifferent biomasses tested, 


approximately half of them sustained flame, and the flames were well-visible and well- 


developed (corn cobs, corn stover, poplar sawdust, loblo 


ly pine and switchgrass). 


Thirteen biochars were analyzed and only two produced negative results. The biochars 


did not produce an open flame but rath 


er created embers tha 


would remain partly lit for 


at least 20 seconds after the flame was removed. Four biochars required extinguishing 


he embers after 20 seconds. All the d 


ifferent biochar types 


studied here (gasification, 


slow pyrolysis, and fast pyrolysis biocha 


) did not show differe 


nt responses among them. 


Three fossil fuels and derivatives were tested for comparison, and only coal produced a 
positive flammability result with embers lasting for more than 20 seconds. 


Testing for flammability associated with vapor released (method B) indicated non- 


flammable for all the samples, mainly since these samples are solid and usually do not 
contain significant levels of adsorbed volatile compounds that could be released at 
room temperature or with a brief exposure to heat. 


Analysis conducted after the materials were dried in the oven demonstrated comparable 
results to non-dried samples (as received). The biornass samples produced the same results, 
before and after drying; the vapor analysis was negative while the direct flame analysis was 
positive. Although some variation existed between the different carbonaceous materials, 
biochar samples had mostly similar responses. Only two samples that did not have a 
positive flammability result with the original moisture had a positive result after they were 


dried (red oak fast pyrolysis 500°C (Il) and corn stover fast pyrolysis 500°C). 


Overall, the removal of the moisture led to no changes in the assessment of flammability, 
likely due to the fact that the moisture content of the materials “as received” was fairly 


dry (less than 10% w.b,). 


Table 8. ASTM D4982-95 Flammability Potentials Section A (vapor assessment immediately above and direct 
flames) different moisture levels of four fast pyrolysis biochars produced at ~500°C in a fluidized bed reactor 


Vapor assessment Moisture content (% w.b.) 


Biochar Feedstock 0% 5% 


Corn Stover N N 
Loblolly Pine N N 
Switchgrass N N 

Red Oak N N 


10% 20% 
N N 
N N 
N N 
N N 


30% 40% 50% 
N N N 
N N N 
N N N 
N N N 


Direct Flames Moisture content (% w.b.) 


Biochar Feedstock 0% 5% 10% 20% 30% 40% 50% 
Corn Stover P P P P P P N 
Loblolly Pine P P P P P P N 
Switchgrass P P P P P N N 

Red Oak P P P N N N N 


Note: N= Negative, P=Positive or when embers stay lit for at least 20 seconds 
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Four fast pyrolysis biochars produced with different feedstocks (corn stover, loblolly pine, 
switchgrass and red oak) and pyrolyzed in a fluidized bed reactor at ~500°C were used to 
evaluate the flammability potential with different moisture contents (Table 8). The vapor 
assessment was negative, similar to the previous results. The flammability response to the 
direct flame assessment was quite different among the four feedstocks. Red oak was least 
flammable; however, 20% of moisture content suppressed any flammability potential. 
Switchgrass required 40% moisture content to gain the same level of safety, while corn 
stover and loblolly pine required 50% moisture to suppress flammability potential. 


Overall, the four biochars with the addition of 20-50% moisture by weight suppressed 
the flammability potential when measured according to ASTM D4982. Increasing 
moisture content is a simple method that can be used to ensure safer transportation 
and storage and can be used to further enhance safety in processing or storage facilities. 


Overall, the biochar feedstocks tested with ASTM D4982 were “more flammable” than 
their corresponding biochar (with the same feedstock). Feedstocks had clearly well- 
developed flames that resulted in full consumption of the sample if not extinguished 
after the test. Most biochars, however, had embers that lasted for more than 20 seconds 
but over time went out and did not require extinguishing. 


CONCLUSIONS 


The fast pyrolysis biochars tested in this study are not considered flammable solid 
material under UN/DoT regulations for the transportation of dangerous goods. However, 
in reference to other studies, this material can self-heat and therefore needs to be further 
evaluated. 


Tests to assess flammability, such as EPA 1030 or UN/DOT 1050 section A, demonstrated 
that fast pyrolysis biochar should be considered “not flammable” with respect to 
its flame propagation properties. Assessment according to ASTM D4982 showed 
that fast pyrolysis biochars from red oak, corn stover, loblolly pine, and switchgrass 
could be considered “flammable” It is important to note that this test can be 
subjective as the operator must visually determine whether the material is lit or not, 
which is characterized by fading embers. This subjectivity is a concern when testing 
this kind of material. However, addition of moisture to the biochar to 20 to 50% 
w.b. completely suppressed the flammability potential when tested according to 
ASTM D4982. 


Standards need to be developed to specifically address biochar safety as different 
methods may produce different outcomes, and some of these methods are subjective. 
Alternatively, standardized conditions need to be more precisely specified. 


Fast pyrolysis biochars have a wide range of chemical properties due to the various 
types of feedstocks, the types of reactors, and the operating conditions. Therefore, it 
is essential to continue to test the different fast pyrolysis biochars until there is better 
understanding of the flammability characteristics and the conditions to avoid. Other 
biochar types (slow pyrolysis, gasification, and hydrothermal liquefaction chars) may 
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have different flammability characteristics and should be tested until it is understood 
how the thermochemical process affects the flammability characteristics. 
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